Meprin metalloendopeptidases, comprising α and β isoforms, are widely expressed in mammalian cells and organs including kidney, intestines, lungs, skin, and bladder, and in a variety of immune cells and cancer cells. Meprins proteolytically process many inflammatory mediators, including cytokines, chemokines, and other bioactive proteins and peptides that control the function of immune cells. The knowledge of meprin-mediated processing of inflammatory mediators and other target substrates provides a pathophysiologic link for the involvement of meprins in the pathogenesis of many inflammatory disorders. Meprins are now known to play important roles in inflammatory diseases including acute kidney injury, sepsis, urinary tract infections, bladder inflammation, and inflammatory bowel disease. The proteolysis of epithelial and endothelial barriers including cell junctional proteins by meprins promotes leukocyte influx into areas of tissue damage to result in inflammation. Meprins degrade extracellular matrix proteins; this ability of meprins is implicated in the cell migration of leukocytes and the invasion of tumor cells that express meprins. Proteolytic processing and maturation of procollagens provides evidence that meprins are involved in collagen maturation and deposition in the fibrotic processes involved in the formation of keloids and hypertrophic scars and lung fibrosis. This review highlights recent progress in understanding the role of meprins in inflammatory disorders in both human and mouse models.
Introduction
Meprins are multidomain oligomeric metalloproteinases of the 'astacin' family that are expressed in two isoforms, meprin α and meprin β. Initially identified in apical brush-border membranes of the kidneys and intestines, meprin isoforms are widely found in many mammalian tissues and cells, including the kidney, intestines, lungs, leukocytes, skin, and bladder, as well as in a variety of cancer cells [1] [2] [3] . Meprin α and meprin β are related proteases but are encoded by two different genes. Meprin α is encoded by the MEP1A locus on chromosome 6p in humans and Mep1a locus on chromosome 17 in mice, whereas meprin β is encoded by the MEP1B locus in human and Mep1b locus in mice on chromosome 18 of both species [4] . Structurally, both meprin α, and β have multiple domains that may participate in protein-protein interactions [1] (Fig. 1) .
The structural domains of meprin subunits are comprised of a signal peptide, propeptide, protease catalytic domain containing the zincbinding active site motif HExxHxxGxxH/N, MAM (meprin A5 protein tyrosine phosphatase µ) domain, MATH [meprin-and-TRAF (tumor necrosis factor receptor-associated factor) homology domain] domain, an AM (after MATH) domain, EGF (epidermal growth factor)-like domain, transmembrane domain, and a cytosolic domain. The function of each structural domain has been described in previous reviews [1] [2] [3] . Briefly, the propeptide domain contains the signal peptide that must be cleaved for the proteolytic activity. Different proteases including plasmin, pancreatic trypsin, and tissue kallikrein-related peptidase (KLK) 5 are known to activate meprin subunits. The zinc-binding active site motif HExxHxxGxxH/N forms a deep cleft for the substrate binding. Both the MAM and TRAF domains participate in the oligomerization of meprin subunits. The MAM domain participates in protein-protein interactions and the cysteine residues of the MAM domain are involved in the formation of disulfide bonds that contribute to the production of oligomeric structures in meprins. The TRAF domain is involved in protein-protein interactions and plays a role in a disulfide bond formation between the meprin subunits. The specific function of the AM domain is unknown but may facilitate in the catalytic function. The Cterminus transmembrane and cytoplasmic domain of the β subunit facilitate membrane insertion as well as in intracellular transport. Meprin α when expressed contains one more domain, called the intervening domain (I-domain), than meprin β. This additional I-domain present https://doi.org/10.1016/j.cyto.2018.11.032 Received 5 October 2018; Received in revised form 16 November 2018; Accepted 25 November 2018 between the TRAF and EGF-like domains is proteolytically cleaved by furin during translocation across the membranes of the secretory pathway, resulting in the loss of the membrane anchor and leading to the release of soluble meprin α in the extracellular space [5] [6] [7] . The soluble form of meprin α further oligomerizes to become a higher molecular mass protease [7, 8] . Due to the absence of the I-domain, meprin β is membrane-bound and expressed as a type-1 protein anchored to the plasma membrane (Fig. 1) .
The heterodimer of meprin α and β subunits is called meprin A. Meprin A (meprin αβ form) is bound to the membranes through the β subunit. Meprin α and meprin β are expressed independently or coexpressed depending on the particular tissue or cell type. In murine kidneys, upon co-expression of murine meprin α and β subunits, meprin α can either associate with membrane-bound meprin β to form meprin A (meprin αβ) or self-associate to form homooligomer of meprin α subunits, which is secreted [7, 8] . The ectodomain of meprin β can be shed in soluble form by ADAM10 [9, 10] suggesting that ADAM10 plays a regulatory role in the proteolytic action of membrane-bound meprin A and meprin β. Meprin A (meprin αβ) has been purified and characterized from murine kidneys as described [2, 11] . Though membraneassociated meprin has been purified from human kidney [12] , it is not known if the purified meprin is heteromeric meprin A or meprin β. In the large intestine, meprin α, but not meprin β is expressed, whereas both meprin α and β are expressed in the small intestine [13] [14] [15] . Meprin α and β are expressed in separate layers of the human epidermis [16] . Leukocytes of the lamina propria of the human inflamed bowel [17] and mouse mesenteric lymph nodes [18] express both meprin α and β.
Meprins target a wide variety of substrates including basement membrane proteins, cytokines, adherens junction proteins, growth factors, protein kinases, bioactive peptides, and cell-surface proteins (Table 1) . Meprin α and meprin β also show some differences in cleavage specificities of the various substrates [2, 19] . Meprin-mediated proteolysis of these substrates provides a link between meprin and pathophysiology of the target substrates and associated diseases. This review describes how meprins participate in pathogenesis of many inflammatory diseases (described below).
Other in vitro substrates have been previously reported [2] . Fig. 1 . Structural domains and oligomeric forms of meprin α and β. Structural domains of meprins include an N-terminal signal peptide, propeptide, protease domain (HExxHxxGxxH), MAM (meprin A5 protein receptor protein tyrosine phosphatase µ), TRAF (tumor necrosis factor receptor-associated factor), AM (after MATH), I (inserted domain), EGF (epidermal growth factor-like), TM (transmembrane spanning), and cytoplasmic domain. Meprin β is a membrane-bound protease. Meprin subunits composed of α2β2 heterotetramer form Meprin A which is bound to membranes through meprin β. The meprin subunits are bound together by disulfide bridges (horizontal black bars). Meprin α oligomerizes to become a higher molecular mass soluble form of protease and is secreted as a homooligomer. Table 1 Substrates of meprins.
Substrate identified in vitro
Meprin isoform and species Reference (s)
Meprin α (human), meprin β (human), meprin A (rat) [22, 23] IL-6 Meprin α and β (human), meprin β (rat), meprin α (mouse) [24] IL-6R Meprin α and β (human) [ Meprin α (mouse) [38] 
Role of meprins in inflammation
Inflammation is a biological response triggered upon exposure of tissues and organs to harmful stimuli including microbial infections, tissue injury, or toxic cellular components. In response to inflammation stimulus, the inflammatory cells recruited at the inflammatory sites release specialized substances including proinflammatory cytokines and acute-phase proteins to mediate the process and prevent further tissue damage. In inflammatory processes, cytokines and chemokines function alone or together to help regulate immune-cell recruitment and migration [47] . Meprins are involved in these inflammatory processes and, therefore, play important roles in the pathogenesis of many inflammatory disorders (described below). The role of meprins in inflammation and modulation of immune cells was revealed from the evidence that (i) meprins process cytokines, chemokines, and other bioactive proteins and peptides; (ii) meprins are involved in inflammatory diseases including acute kidney injury (AKI), sepsis, urinary tract infections (UTIs), bladder inflammation, and idiopathic pulmonary arterial hypertension (PAH), and are associated with susceptibility to inflammatory bowel disease (IBD); and (iii) meprins affect monocyte and leukocyte migration and infiltration at sites of inflammation due to meprin-mediated loss of integrity of epithelial barriers and cleavage of tight junction proteins.
(i) Meprins process cytokines and chemokines: Cytokines and chemokines are endogenous inflammatory mediators that upon activation regulate migration of leukocytes to sites of injury to mount an immune response [47] . Meprins proteolytically process many cytokines and chemokines and influence their bioavailability [1, 2] . Our studies have demonstrated that recombinant meprin α, recombinant meprin β, or heteromeric meprin A purified from kidney cortex can produce biologically functional proinflammatory cytokine IL-1β from its inactive proform [22, 23] .
Meprin A and meprin α cleave pro-IL-1β at the His 115 -Asp 116 bond, which is one amino acid N-terminal to the caspase-1 cleavage site and five amino acids C-terminal to the meprin β site at Asn 110 -Glu 111 [23] ( Fig. 2 ). This is consistent with the specificity of peptide bond cleavage sites for meprins as meprin β has a preference to cleave peptide bonds N-terminal to the negatively charged amino acids [21] . The biological activity of the pro-IL-1β cleaved product that meprin A produces, as determined by the proliferative response of helper T-cells, was 2-fold higher compared to those of the IL-1β products that meprin β or caspase-1 produced [23] . In a mouse model of sepsis induced by cecal ligation puncture, the meprin inhibitor actinonin significantly reduced levels of serum IL-1β and the initial peritubular capillary dysfunction, as well as the subsequent tubular injury [39] . Actinonin is a naturally occurring hydroxamate found in actinomycetes and has proven to be a most effective inhibitor of meprin α (Ki = 20 nM) and meprin β (Ki = 1.7 µM) [34] . In response to lipopolysaccharide (LPS) challenge serum levels of IL-1β were reduced in meprin α-knockout (KO) mice and these mice were protected from LPS-induced renal injury compared to wild-type (WT) mice [48] . These studies suggest that prolonged elevation of cytokine levels in WT mice upon LPS treatment contributes to the more extensive kidney damage compared with meprin α-KO mice. Meprin A may therefore play a critical role in the production of active IL-1β during inflammation and tissue injury in addition to the role in degradation of extracellular matrix (ECM) proteins. Another pro-inflammatory cytokine, IL-18, similar in structure to IL-1β that plays a role in host defense and inflammatory processes [49, 50] , is also a target of meprins. Meprin β and heteromeric meprin A, but not meprin α, cleave pro-IL-18 at the Asn 51 -Asp 52 peptide bond [26] , similar to the cleavage specificity of meprin β for IL-1β (Fig. 2) . The cleaved 17-kDa product was biologically active as determined by activation of NF-kB in EL-4 cells. The exact mechanism of release of proforms of cytokines is not completely understood. ProIL-18 has been shown to be actively released from the live epithelial and leukocytic cells and passively from dead cells [26] . Cytokines in their proforms can be released from the cell in the absence of proteolytically functional caspase-1 [51, 52] . Pro-IL18 is exposed to extracellular proteases and activated. For example, PR-3, a membrane-bound protease of the azurophil granules of polymorphonuclear neutrophils activates proIL-18 at the plasma membrane via a caspase-1-independent pathway [53] . IL-18 is known to contribute to the pathogenesis of inflammatory bowel diseases (IBD) in animals [54] as well as in humans [55] . Meprin β-KO mice subjected to experimental IBD by dextran sulfate sodium (DSS) exhibited reduced serum levels of IL-18 compare to WT mice indicating an in vivo interaction of meprin β with the cytokine [26] . However, IL-18 levels were not decreased, but rather increased in meprin α-KO mice with IBD, further suggesting that meprin α is not involved in the pro-IL- Cleavage sites of meprin A, meprin α, and meprin β, in the pro-IL-1β sequence were analyzed as described [22, 23] were determined as described [26] . Cleavage sites of meprin α, heteromeric meprin A, and meprin β for CCL2/MCP-1 were analyzed as described [20] . 18 processing. Increased levels of IL-18 in meprin α-KO mice are due to the processing by meprin β present in meprin α-KO mice. Thus, meprin β-mediated activation of IL-18 from pro-IL-18 may affect the inflammatory response in IBD. IL-6, another cytokine, is secreted in its active form that does not require proteolytic activation. Secreted active IL-6 is cleaved and inactivated by meprins [24] . Therefore, cleavage of IL-6 by meprins may control IL-6 activity in vivo. IL-6 has been implicated in inflammatory diseases including IBD [56] and increased levels of IL-6 were reported in meprin α-KO and meprin β-KO mice subjected to IBD [40] , suggesting interaction between meprins and IL-6. Indeed, both meprin α and β were able to cleave IL-6 into a smaller product when incubated for a short time, but extensive degradation occurred upon prolonged incubation [24] . Removal of 3-5 amino acids from the C-terminus by limited meprin proteolysis inactivated IL-6, as demonstrated by a B9 cell proliferation assay. This is consistent with the previous observation that carboxy-terminal amino acids of human IL-6 are essential for its biological activity [57] . IL-6 is a pleiotropic cytokine that mediates its signaling via interaction with membrane-bound IL-6 receptor (IL-6R) and soluble IL-6 receptor (sIL-6R) [58] . The complex of IL-6 and membrane bound IL-6R associates with gp130, subsequently transducing classic intracellular signaling, which is protective and regenerative; whereas signaling via IL-6 and sIL-6R is called IL-6 transsignaling, which is pro-inflammatory [59] . Upon binding with gp130, the signaling by IL-6 and membrane-bound IL-6R is restricted to cells that express IL-6R, including hepatocytes, some leukocytes, and epithelial cells, whereas IL-6-sIL-6R can bind to gp130 and trans-signaling can occur in cells that do not express IL-6R [60] .
Until recently, ADAM10 and ADAM17 were thought to be the enzymes responsible for ectodomain shedding of IL-6R. Initially, the soluble IL-6R produced upon cleavage at Gln 357 (Fig. 3) . The biological activity of the soluble IL-6R shed by meprins was demonstrated by a Ba/F3-gp130 cell proliferation assay. Further, high expression of meprins was found associated with low receptor levels on the surface of granulocytes in human blood samples. This striking negative correlation between the expression of meprin β and IL-6R was attributed to the in vivo cleavage of the IL-6R by meprin β [25] . The processing of IL-6R, IL-6 and other cytokines is summarized (Fig. 3) . The active cytokines then can bind their receptors to transduce NF-kB and MAPKs signaling. Meprin α, meprin β, and meprin A can also process the chemokine CCL2/MCP-1 that results in significant reduction in the chemotactic activity as measured by chemotactic migration assay using THP-1 cells [20] . CCL2/MCP-1 belongs to the CC-type chemokine family and is known to play a role in the recruitment and trafficking of mononuclear immune cells to inflammation sites in the pathogenesis of chronic inflammatory diseases including asthma, atherosclerosis, rheumatoid arthritis, multiple sclerosis, and renal inflammatory diseases [64, 65] . Meprin α and meprin A, but not meprin β, cleaves the N-terminal domain of mouse CCL2/MCP-1 at the Asn 6 and Ala 7 bond, resulting in a reduction in its chemotactic activity. Meprin β does not cleave the Nterminus of mouse CCL2/MCP-1, but rather cleaves the C-terminal region between Ser 74 and Glu 75 . Meprin α also cleaves the N-terminus of human CCL2/MCP-1 which lacks the murine C-terminal region, resulting in significant loss of CCL2/MCP-1 biological activity, whereas cleavage by meprin β does not affect the biological activity of human CCL2/MCP-1. Deletion of amino acid residues at the N-terminus of CCL2/MCP-1 by site-directed mutagenesis also renders CCL2/MCP-1 inactive for chemotaxis [66] . These studies suggest the importance of CCL2/MCP-1 N-terminus in chemotactic activity since CCL2/MCP-1 devoid of the N-terminus no longer possesses chemotactic activity. It is not yet known whether meprins process CCL2/MCP-1 and related chemokines in vivo in models of inflammatory diseases including acute kidney injury, cancer, and chronic inflammation of the gastrointestinal tract.
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Membrane-bound meprin Fig. 3 . Processing of cytokines and procollagens by meprins. Membrane-bound meprin β can be shed by ADAM 10. Following activation by trypsin-like serine proteases, shed meprin β can process pro-IL-1β and pro-IL-18 to their active forms. Meprin α can also process pro-IL-1β to its active form. The active cytokines then bind their receptors to transduce NF-kB and MAPKs signaling. Membrane bound meprin β may be activated by matriptase-2 (not shown). Meprin α and β can also cleave the ectodomain of IL-6R to produce soluble IL-6R that promotes IL-6 trans-signaling. Meprin α and β can process the N-and C-termini of procollagen I and III resulting in the collagen maturation and formation of collagen fibrils.
Thus, meprins may modulate the immune environment by processing and activating pro-inflammatory cytokines and chemokines that induce the migration of leukocytes to sites of injury or infection.
(ii) Meprins are involved in inflammatory diseases: Meprins are involved in inflammatory diseases including AKI, sepsis, PAH, UTIs, bladder inflammation, and IBD (Fig. 4) .
Acute kidney injury (AKI): The role of meprins in AKI has been studied in models of ischemia-reperfusion (IR), cisplatin, and sepsis [2] . Meprin A, a heteromeric form composed of meprin α and β subunits, is exclusively localized to the luminal surface of the proximal tubules in normal kidneys. In experimental models of AKI, meprin A is redistributed from apical membranes of polarized proximal tubular epithelial cells and is noticeable basolaterally to the underlying basement membrane of the proximal tubules [36, [67] [68] [69] .
Due to its enormous proteolytic potential in cytokine processing and degradation of ECM and other bioactive proteins, altered distribution of meprin A is considered detrimental by promoting cellular damage and proinflammatory response in renal injury [2, 67] . Meprin β-KO mice subjected to IR injury exhibited reduced infiltration of inflammatory cells and improved renal function compared to wild-type mice [67] .
The idea that meprin A contributes to renal injury was also supported by the finding that meprin-mediated cleavage of cytoskeleton components actin and villin associated with IR injury was absent in meprin α-and meprin β-KO mice [27] . In IR-and cisplatin-induced AKI, actinonin, a potent inhibitor of meprins, afforded protection as reflected in reduced loss in renal function accompanied by significant reduction in leukocyte infiltration and apoptosis [69, 70] . In a sepsis model of AKI induced by cecal ligation and puncture (CLP), actinonin markedly diminished production of IL-1β as well as improved renal function and histology [39] . Meprin α-KO mice subjected to sepsis induced by LPS displayed marked reduction in proinflammatory cytokines IL-1β and TNF-α, and lower blood urea nitrogen levels compared with WT and meprin β-KO mice [48] . Also, meprin α-KO mice in this model exhibited significantly less bladder edema, leukocyte infiltration, and bladder permeability than WT mice [48] . These studies indicate that meprin A contributes to the renal and urogenital pathogenesis in LPS model of sepsis.
Idiopathic pulmonary arterial hypertension: In human and animal models of PAH, pulmonary vascular lesions are associated with increased accumulation of perivascular immune cells and intravascular infiltration of these cells [71] . Mice genetically modified to overexpress Fos-related protein Fra-2 are used as a model of idiopathic pulmonary fibrosis since Fra-2 has profibrogenic activity and overexpression of Fra-2 causes fibrosis preferentially in pulmonary tissues [72] . In Fra-2 over-expressing mice, meprin β was the most upregulated gene in the lungs [71] . Since meprin β is known to enhance inflammatory cell infiltration, it may promote invasion of fibroblasts to alveolar space and extracellular matrix (ECM) deposition [71] .
Inflammatory bowel disease (IBD): The MEP1A gene encoding meprin α, has been identified as a susceptibility gene for IBD in patients with ulcerative colitis [40, 73] . Functional data on the MEP1A gene association with ulcerative colitis (UC) display four single-nucleotide polymorphisms in the coding region (P = 0.0012-0.04), and one in the 3′-untranslated region (P = 2 × 10 −7
) [40, 73] . Meprin α is secreted into the intestinal lumen or is retained by meprin β at the brush-border membranes [74] . Decreased levels of this protease correlated with the severity of inflammation in patients with inflammatory bowel disease. Further, meprin α-KO mice were more susceptible to DSS-induced experimental colitis and displayed more severe colon damage and inflammation than WT mice [40, 73] . However, DSS-treated meprin β-KO mice were less susceptible to IBD probably because of reduced meprinmediated activation of IL-18 [26] . In patients with Crohn's disease (CD), mRNA levels of meprin β in ileal mucosa are reduced [75] . In CD, pathogenic adherent-invasive Escherichia coli (AIEC) adhere and severely infect intestinal epithelial cells (IEC). Since meprins inhibit the abilities of AIEC to adhere to and invade intestinal epithelial cells, reduced levels of protective meprins, as observed in CD patients may contribute to increased AIEC colonization. Along similar lines, in small intestines, ADAM10-mediated soluble meprin β shed from membranes, cleaves mucin 2 (MUC2) and modulates the immune environment. MUC2 is the main structural component of the intestinal mucus layer and its cleavage by meprins promotes mucus detachment to prevent bacterial outgrowth [45, 76] . Taken together, these studies provide evidence of that a defect in the MEP1A gene results in vulnerability to IBD, particularly ulcerative colitis and meprins are important in preventing bacterial growth in intestinal mucus. α/β-KO mice had reduced monocytes (R-MC) and natural killer (NK) cells in blood, but increased prevalence in bone marrow which suggested that meprins are involved in migration of these cells from bone marrow and in homing to the periphery [77] . Mononuclear cells from human and mouse peripheral blood express both meprin α and β mRNAs. Leukocytes prepared from meprin β-KO mice displayed reduced ability to migrate through extracellular matrix compared to leukocytes isolated from WT mice [18] . In a model of intestinal inflammation, meprin β-expressing leukocytes infiltrate into the lamina propria [15, 26] . Meprin β-KO mice display reduced leukocyte infiltration following renal IR [67] and LPS injury [48] . This proinflammatory activity of meprin β was validated recently using an acute inflammation model (air pouch/carrageenan) that showed significantly fewer infiltrated immune cells in meprin β-KO animals [31] . Monocytes from meprin-KO mice exhibited reduced migration through an MDCK monolayer compared to monocytes from WT mice [78] .
Proteolysis of epithelial and endothelial barriers, including breakdown of epithelial and endothelial cell junctional proteins, can promote leukocyte influx into areas of tissue damage and result in tissue inflammation. Meprins cleave tight junction proteins E-cadherin and occludin in MDCK monolayers that disrupts epithelial cell barrier function [69, 70] . Meprin-mediated proteolysis of endothelial cell barriers also influences infiltration of monocytes in injured tissue. For example, meprin β cleaves cell adhesion molecule CD99 [9] that regulates transendothelial cell migration (TEM) of immune cells [79] . Cleavage of CD99 by meprin β promotes TEM by reducing cell adhesion [42] . Thus, meprins promote leukocyte migration by disrupting epithelial and endothelial cell barriers by cleaving tight junction proteins and matrix proteins.
Meprin-mediated degradation and processing of extracellular matrix (ECM) proteins and its pathophysiological role
Meprins are capable of cleaving and processing many substrates including basement membrane proteins, cytokines, cell adhesion proteins, hormones, bioactive peptides, and cell-surface proteins [1, 80] . It was initially demonstrated that heteromeric meprin A purified from rat kidneys was capable of degrading ECM proteins including collagen IV, laminin, nidogen, fibronectin, and gelatin in vitro [11, 36] . Further studies showed that recombinant human meprin α and β are able to degrade collagen IV, fibronectin and nidogen-1 [34] while human meprin α can degrade laminin-1 and laminin-5 in vitro [35] . Only a few of the meprin-mediated degradation of ECM proteins have been demonstrated under in vivo conditions. In experimental models of acute kidney injury (AKI), meprin was able to cleave nidogen which functions as a connecting element between the collagen IV and laminin networks and integrates other basement membrane components into the extracellular matrix [81] [82] [83] . A nidogen fragment was detected in the urine from AKI mice and urinary excretion of cleaved nidogen was significantly suppressed by the meprin inhibitor actinonin, and this suppression was confirmed in meprin β-KO mice [46] . These observations are consistent with the observation that meprin A gains access to the basement membrane in AKI as it undergoes redistribution from the apical side toward the basolateral side of the proximal tubule. Thus, meprins that are normally restricted to the brush border membranes of tubules may be detrimental in renal injury due to altered localization. Cell migration of leukocytes of mesenteric lymph nodes [18] and invasion of tumor cells that express meprin have been attributed to the matrix-degrading activity of meprins. Breast cancer MDA-MB-435 cells were less invasive when treated with the meprin inhibitor actinonin [84] . In metastatic colon cancer cells expression of meprin α and its matrix degrading activity was responsible for migration of tumor cells and the progression of colon cancer [17] .
Meprins also participate in proteolytic processing and maturation of procollagens by cleaving and removing both N-and C-propeptides (Fig. 3) . Previous studies have shown that disintegrin and metalloproteinases with thrombospondin motifs (ADAMTS)-2, -3, and -14 are involved in the cleavage of N-propeptides and bone morphogenetic protein-1 (BMP-1), and related tolloid-like proteinases are involved in the removal of C-propeptides of procollagen I [85, 86] . The proteolytic processing is necessary for self-assembly of collagen molecules to form normal collagen fibrils. Meprins can efficiently cleave both the N-and C-termini of procollagen propeptides, in contrast to previous reports that different enzymes were responsible for processing of the C-terminal and N-terminal propeptides. Initially, a proteomic based approach called TAILS identified procollagen type I as a substrate of meprin α and β. Following treatment of recombinant procollagen type I with meprin α and meprin β, the resulting mature collagen molecules spontaneously assembled to form collagen fibrils [44] . Meprin α and β also cleaved Cand N-propeptides of procollagen III in vitro [33] . Thus, both meprins are the only known proteases that cleave the procollagen proteins at both the N-and C-termini [44] . Compared to WT mice, meprin α-KO and meprin β-KO mice exhibited relatively decreased collagen deposition in the skin and reduced tensile strength, both characteristic of impaired connective tissue [44] .
In a fibrotic skin disease called keloids, and in pulmonary hypertension characterized by the fibrotic condition of the lung, expression of meprin β was increased [33, 87] providing further in vivo evidence that meprins are involved in the collagen maturation and deposition in fibrotic processes. In keloids and hypertrophic scars, deposition of collagen fibers, primarily of collagen I and collagen III, have been reported [88] . Meprins are expressed in the lung epithelial and inflammatory cells in human and mouse lungs and meprin β is upregulated in a mouse model of idiopathic pulmonary fibrosis [87] . Meprin β-KO, but not meprin α-KO mice, subjected to bleomycin-induced lung fibrosis accumulated less collagen than bleomycin treated WT mice [43] . Taken together, these studies indicate that meprins play important roles in the fibrosis of lungs and skin.
Conclusions
This review summarizes recent advances in the role of meprins in inflammation.
Recently, many substrates have been identified that are targets of meprins that provide links to the pathophysiology. Cytokines and chemokines known to regulate inflammatory responses and control immune-cell recruitment in inflammatory processes are target substrates of meprins. Meprins generate biologically active IL-1β and IL-18 from their inactive proforms and the meprin-mediated processing of these cytokines has been demonstrated in in vivo models of sepsis and IBD. It is not yet known whether meprins process these cytokines in various other inflammatory disorders. One such pro-inflammatory role of meprin in vivo has been recently shown for processing of IL-6R and inducing IL-6 trans-signaling. Meprins may also regulate inflammation by inactivating pro-inflammatory cytokines and chemokines. For example, both meprin α and β cleave and inactivate IL-6. Therefore, the inflammatory effect of meprin will depend on the net effect of the activation of IL-1β and IL-18 and inactivation of IL-6. More studies are further needed to determine whether other cytokines are targets of meprins. Meprin A and meprin α cleave the N-terminal domain of mouse CCL2/MCP-1, resulting in significant reduction in CCL2's chemotactic activity. Further studies are required to determine whether other related chemokines are targets and activated by meprins. Meprins have been implicated in inflammatory diseases including AKI, sepsis, UTIs, bladder inflammation, and IBD. The evidence for some of these studies is limited to animal models so more studies are required to translate the information into applications for patient care. Much of the information on the role of meprins has been obtained using meprin-KO mice. There is always a possibility that loss of a protease is compensated to some extent by other proteases directly or by modifying an important activation cascade. For example, studies from our lab and that of others have shown that meprin β and meprin A are involved in shedding ADAM10, which itself is involved in shedding many important molecules, including ectodomain shedding of a number of transmembrane proteins (e.g., Notch, EGFR ligands, cytokines or other signaling proteins involved in many functions). Thus, assigning a phenotype to a specific substrate in meprin-KO remains a challenge since these enzymes, including ADAM10, have a wide range of substrates. These issues may be partly addressed if specific and potent inhibitors are designed and developed to examine the effect of inhibition of each of the substrates. Meprins are new players for the processing and maturation of procollagens involved in the fibrillation process. Further studies are required to determine the role of meprin in models of fibrosis including that of chronic kidney disease. Nevertheless, current knowledge on the role of meprins in inflammation and fibrosis has potential for application in the development of meprin inhibitors and modulators for therapeutic use.
